The nicotinic acetylcholine (ACh) receptor probe oc-bungarotoxin
The biochemistry and physiology of the nicotinic ACh receptor in skeletal muscle and fish electric organ have been the subject of extensive investigation (reviewed in Changeux, 1981; Conti-Tronconi and Raftery, 1982) . Also, the regulation and the assembly of this multimeric membrane protein have been studied in detail (Fambrough, 1979; Anderson, 1983) . This progress has largely relied on the use of highly selective receptor ligands--a-toxins from the venoms of various elapid snake species. One of these polypeptide toxins, a-bungarotoxin (aButx), has been most commonly used and shown to block the function of the muscle ACh receptor by binding to its agonist recognition site (Changeux, 1981; Conti-Tronconi and Raftery, 1982 1981; Oswald and Freeman, 1981) . The identification of these neuronal a-Butx-binding sites as nicotinic ACh receptors is still highly controversial.
In insect ganglia, and in the goldfish and pigeon visual systems, a-Butx has been shown to block cholinergic receptor function (Gepner et al., 1978; Freeman et al., 1980; Schmidt and Freeman, 1980; Oswald and Freeman, 1981) . Thus, the oc-Butx-binding protein of these tissues can be classified as a putative neuronal nicotinic ACh receptor. For chick ganglia and the pheochromocytoma cell line PC12, however, convincing evidence exists that the a-Butx-binding component is distinct from the functional nicotinic ACh receptor present on the cell surface (Partick and Stallcup, 1977a, b; Carbonetto et al., 1978) . Also, the pharmacology of the currently available binding data indicates considerable similarity, but not identity, of the neuronal oc-Butx-binding site with that of the "classical" muscle nicotinic ACh receptor (Vogel and Nirenberg, 1976; Patrick and Stallcup, 197713; Wang et al., 1978; Oswald and Freeman, 1979; Betz, 1981; Morley and Kemp, 1981; Oswald and Freeman, 1981; .
Due to its low abundancy, the biochemistry of the neuronal a-Butx-binding protein is not yet well investigated. Currently, the most extensive data exist for the a-Butx-binding protein of the chick visual system, a tissue comparatively rich in a-Butxbinding sites (Vogel and Nirenberg, 1976; Wang et al., 1978; Betz, 1981; . In particular, the a-Butxbinding function of the chick protein has been localized on a polypeptide of M, = 57,000 (+ 3,000), and affinity purification for its isolation have been developed Norman et al., 1982) . To elucidate further the structure and function of the neuronal a-Butx-binding protein, we have produced specific antibodies against this membrane component by using the . N-Acetylglucosamine, carbamylcholine, mercaptoethanol, hypoxanthine, aminopterin, thymidine, and pristane were from Sigma; wheat germ agglutinin-Sepharose, and protein ASepharose were from Pharmacia; polyethylene glycol 4000 was from Merck.
[ Agarose beads derivatized with a-Butx to a substitution of about 0.3 mg of toxin bound/ml were prepared as described . In many experiments, 10 mM Tris/Cl buffer, pH 7.4, containing 10 mM NaCl and 1% (w/v) Triton X-100 (buffer A) was used. When stated, buffers contained the previously introduced "antiprotease mixture" Pfeiffer et al., 1982) For many of the hybridoma lines, the latter medium was preconditioned for-1 to 3 days by mouse. peritoneal macrophages (Galfrb and Milstein, 1981) . The preparation and the metabolic labeling of cell proteins of monolayer cultures of chick embryo retina cells and of the rat pheochromocytoma cell line PC 12 (Greene and Tischler, 1976) were performed as described .
Preparation
of membrane fractions and detergent extracts from chick optic lobe P2 membrane fractions were prepared from 10 to 20 gm of optic lobe tissue of newly hatched chickens as described (Betz, 1981) (Betz et al., 1977; Betz, 1981 (Kessler, 1975) were added. After another 2 hr at room temperature, the incubations were diluted with 1 ml of buffer A and centrifuged at 12,000 x g for 2 min. The supernatants were removed; the tubes were filled with 1 ml of buffer A, centrifuged as above, and drained of fluid by suction; and the pellet was counted in a y-counter. All determinations were performed in duplicate and corrected for unspecific precipitation observed with culture medium (or control mAb Pl").
(ii Immunoprecipitation of radiolabeled cell extracts and of '2"I-labeled a-Butx-binding protein Detergent extracts of [35S] methionine-labeled cell cultures were prepared as described . The extracts were preadsorbed with 100 pi/ml of fixed S. aureus at 4°C for 45 min, and then the extracts were centrifuged at 150,000 x g for 30 min. Aliquots of the extracts were incubated at 4°C with protein A-Sepharose beads which had been coated with mAb. After 3 hr of gentle shaking, the beads were washed three times with buffer A containing 150 mM NaCl and once with the same buffer without NaCl. The beads were then boiled for 5 min in 200 ~1 of SDS-sample buffer (Laemmli, 1970) , and the supernatants were used for SDS-polyacrylamide gel electrophoresis. Electrophoresis and protein determination SDS-polyacrylamide gel electrophoresis and autoradiography/fluorography of the dried gels (10% polyacrylamide) were performed as described . Some gels were stained for protein using the silver staining procedure of Oakley et al. (1980 Aliquots (4 to 7 pg) of the dialyzed protein preparation were then iodinated with 1 mCi of NaiZ51 using the lactoperoxidase method (Sutter et al., 1979) . Upon gel filtration on Biogel P2, 35 to 40% of the radioactivity migrated in the void volume. SDS-polyacrylamide gel electrophoresis and gel slicing showed that about 3% of the latter radioactivity was incorporated into protein.
The remaining radiolabel migrated at the dye front and probably represented Y-labeled Triton X-100 (data not shown).
Immunoaffinity purification of the a-Butx-binding protein on mAb OAR 11 b-coated protein A-Sepharose Protein A-Sepharose (2.5 ml) was incubated with 0.5 ml of mAb OAR llb in 5 ml of buffer A at 4°C for 4 hr. The beads were transferred to a column (1 X 10 cm) and washed with 50 ml of buffer A containing 150 mM NaCl. Then 20 ml of detergent extract prepared from optic lobe membranes (70 pmol of a-Butx-binding sites) was pumped through the beads at a flow rate of 1 ml/hr, and fractions of 1 ml were collected.
Results
Purification of the a-Butx-binding protein of chick optic lobe. The ol-Butx-binding protein was purified within 3 to 4 days from Triton X-100 extracts of chick optic lobe membranes by sequential affinity chromatography on cu-Butx-derivatized agarose and wheat germ agglutinin-Sepharose as detailed under "Materials and Methods." This isolation procedure resulted in a >5000-fold purification of the a-Butx-binding protein, yielding preparations which exhibited specific binding activities of 0.6 to 1 nmol/mg of protein (Table I) . Assuming a M, of about 250,000 for the native a-Butx-binding protein (Betz, 1981; Norman et al., 1982) and one or two a-Butx-binding sites per toxin receptor, the pure protein should bind 4 to 8 nmol of CYButx/mg of protein. Therefore, the preparation was considered to be about 10 to 20% pure. On silver-stained gels (Fig. l) , the purified a-Butx-binding protein preparations exhibited a complex polypeptide pattern. One of the prominent bands migrated at an apparent molecular weight of 56,000 (+ 2,000), i.e., the previously documented M, of the a-Butx-binding polypeptide of chick optic lobe . The relative content of this polypeptide in the purified fractions amounted to roughly 10% of the total silver-stained protein (scanning data not shown) and, thus, agreed with the estimate obtained from the [1251] -a-Butx-binding data. Detection of anti-a-Butx-binding protein antibodies in immunized BALB/c mice. Four BALB/c mice were immunized repeatedly with 1.5-to 6-pg quantities of the affinity-purified SDS-polyacrylamide gel electro horesis of the purified a-Butx-bindin pun led by sequential affinity chromatograp K y on cu-Butx-derivatized agarose and w 5-l protein. The a-Butx-binding protein of chick optic lobe was eat germ agglutinin-Sepharose as described under "Materials and Methods. ' Aliquots of the column eluates (500 ~1) were concentrated by trichloroacetic acid precipitation (Pfeiffer et al., 1982) , electrophoresed, and the gel was silver stained. Lane 2, Eluate from a-Butx-derivatized agarose; lane 3, eluate from whet germ agglutinin-Sepharose. Lane 1, molecular weight markers P-galactosidase (M, = 116,000), phosphorylase B (M, = 92,500), bovine serum albumin (M, = 66,200), glutamate dehydrogenase (Mr = 53,000), ovalbumin (Mr = 45,000), glyceraldehyde 3-phosphate dehydrogenase (M, = 36,000), carbonic anhydrase (M, = 31,000), and soybean trypsin inhibitor (M, = 21,000). The arrow indicates the position of the putative a-Butx-binding polypeptide.
a-Butx-binding protein emulsified in Freund's adjuvant. After two to three immunizations all four mice exhibited antibody titers against the ['251]-a-Butx-labeled toxin-binding protein of detergent extracts of chick optic lobe membranes. As demonstrated for one serum in Figure 2 , the antibodies bound the specifically labeled protein and showed no cross-reactivity with [1251]-~-Butx. The mouse exhibiting the highest antibody titer was selected for the production of hybridoma cells. By fusion of the spleen of this mouse with the X63-Ag 8.653 myeloma cell line, many (above 400) hybrid colonies were obtained. Two weeks after the fusion, the culture supernatants of 18 of 144 wells were able to bind the ['251]-a-Butx-labeled a-toxin-binding protein present in detergent extracts of chick optic lobe. Some of the positive culture supernatants also inhibited a-Butx binding to chick optic lobe membranes. However, no additional hybrids secreting specific antibodies were detected with this second screening procedure. From these 18 positive wells, 14 stable hydridoma cell lines (OAR 1-14) which secreted mAbs against the a-Butx-binding protein were established by cloning and recloning. All cell lines were derived from different wells.
Characterization
of mAbs. The mAbs produced by the hybrid cells all were IgG, and they were all shown to react with protein A (data not shown). Eleven of the mAbs were of subclass IgGl, and three were of the IgGPa type (Table II (Table II) . However, it should be noted that these KD values are only approximate estimates of binding affinity (for discussion see Tzartos et al., 1981) . Most of the mAbs inhibited
[iZ51]-~-Butx binding to membrane fractions and/or detergent extracts from chick optic lobe tissue by >80% (Table II) Betz and Pfeiffer Vol. 4, No. 8, Aug. 1984 tive in inhibiting [""I]-oc-Butx binding to membrane fractions incorporation into protein was low (see "Materials and Methprepared from chick muscle or Torpedo tissues.
ods"). This most likely was due to the presence of Triton XImmunoaffinity purification and immunoprecipitation of the 100 (Froehner et al., 1977) . On SDS-polyacrylamide gels, the a-Butx-binding protein.
In initial experiments, it was shown radiolabeled material exhibited multiple radioactive polypepthat the mAbs were suitable affinity reagents for purifying the tide bands (Fig. 6) . Incubation of the 'Y-labeled protein prepa-Butx-binding protein from detergent extracts of chick optic aration with the different mAbs resulted in the immunoprecilobe membranes. Protein A-Sepharose was coated with mAb pitation of two radiolabeled polypeptides of apparent M, = OAR llb, and detergent extract was passed through this affin-82,000 and 57,000 (Fig. 6, and data not shown) . The M, = ity matrix using a column procedure.
After washing of the 82,000 band was also precipitated with control antibodies (mAb column, cu-Butx-binding sites were recovered by elution at pH 01) and, therefore, was considered nonspecific. Furthermore, 5.0 (Fig. 4) . This protocol gave a loo-fold increase in a-Butxfor all except one of the mAbs which inhibit a-Butx binding to binding activity per milligram of protein. Most (>90%) of the detergent extracts of chick optic lobe membranes (mAbs OAR protein in the pH 5.0 eluate was identified as IgG light and la, 4b, 5a, 7a to 9b, and llb to 14a), the precipitation of the M, heavy chains by SDS-polyacrylamide gel electrophoresis and = 57,000 band was significantly reduced upon pre-incubation silver staining (data not shown). To reveal specifically adsorbed of the radiolabeled material with unlabeled cr-Butx ( Fig. 7 and polypeptides, subsequent experiments, therefore, involved ra- Table III ). These data demonstrated that the antibody-binding dioactively labeled sources of the a-Butx-binding protein.
region of these latter mAbs is located within the oc-Butx-binding As a first approach, monolayer cultures, prepared from either site of the M, = 57,000 (k 2,000) polypeptide. chick embryo retina cells or from the rat pheochromocytoma For some of the mAbs which inhibited oc-Butx-binding, imcell line PC12, were labeled metabolically using [35S]methiomunoprecipitation of the '*"I-labeled chick a-Butx-binding pronine. The n-Butx-binding protein was then precipitated from tein was also preformed in the presence of small cholinergic detergent extracts of the radiolabeled cells by using protein Aligands, i.e., the agonist carbamylcholine and the antagonists Sepharose which had been coated with different mAbs. Howd-tubocurarine and hexamethonium.
In these experiments, carever, all of these experiments gave high levels of unspecific cobamylcholine and d-tubocurarine had no effect ( Fig. 7 and precipitation of radiolabeled proteins. Therefore, controls were Table III ). However, hexamethonium reduced the precipitation run in parallel which contained nonspecific antibodies-for of the M, = 57,000 band by mAb OAR 7a but not by the other example, a mAb against the snake venom protein P-bungaroantibodies tested (Table III) . Similar results were also obtained toxin (mAb pl). By this approach, a specifically precipitated in a ['*"I]-a-Butx-binding competition assay using chick retina band was revealed upon SDS-polyacrylamide gel electrophorecultures (Fulpius et al., 1980; Betz, 1981) . Here, hexamethonsis in immunoprecipitates of [3"S]methionine-labeled PC12 exium, but not the other ligands, blocked the inhibition of [lz51]-tracts which migrated at M, = 58,000 (& 2,000) (Fig. 5) . This a-Butx binding by mAbs OAR 7a and 8a (data not shown). molecular weight is consistent with previous molecular weight These findings suggest that the binding region for mAb OAR determinations of the major a-Butx-binding polypeptide in 7a (and probably OAR 8a) is not identical to that of the other PC12 cells . With immunoprecipitates of mAbs tested. extracts from [""Slmethionine-labeled chick retina cultures, no specifically precipitated polypeptides could be detected by SDSDiscussion polyacrylamide gel electrophoresis and autoradiography (data not shown). This probably resulted from the much lower metIn this investigation, mAbs have been produced against a low abolic radiolabeling of the retina cultures compared to PC12 abundancy neuronal membrane component, the a-Butx-bindcells . ing protein of chick optic lobe, by immunization of mice with Therefore, the a-Butx-binding protein purified from chick microgram quantities of an affinity-purified protein preparaoptic lobe extracts was labeled with lZ61 using the lactoperoxition which was judged to be about 10% pure. All immunized dase method. Under all conditions used, the efficiency of iZ51 mice developed antibody titers against the toxin-binding protein; this suggests that this membrane protein is highly immunogenic. By fusion of the spleen cells of an immunized mouse I  1  I  I  I  I  I  I with the nonsecreting mouse myeloma cell line X63-Ag 8.653, 14 stable hybridoma lines were established which secreted mAbs against the ol-Butx-binding protein.
Eleven of the mAbs were IgGl, the three others of the IgG2a subclass. At present, it cannot be decided whether some of the mAbs may be identical. However, the reported differences in binding affinity, pharmacological properties, and cross-reactivity exclude this possibility for most of the antibodies.
The mAbs were used as probes to identify immunogenic sites of the a-Butx-binding protein.
As a first indication of their specificity and nonidentity, most, but not all, of the mAbs 8 (OAR la, 4b, 5a , and 7a to 14a) were found to inhibit ['*'I]-cr-I -0.5
Butx binding to membrane fractions and/or detergent extract z of chick optic lobe. Thus, these antibodies probably bind at or close to the presumptive cholinergic ligand-binding region of the neuronal a-Butx-binding site Norman et al., 1982) . The number of these "blocking" mAbs obtained in differences between the neuronal oc-Butx-binding protein and the classical ACh receptor (reviewed in Morley and Kemp, 1981; Oswald and Freeman, 1981) . Furthermore, they suggest that in the neuronal membrane protein the main immunogenic and the a-toxin-binding regions are closely associated. An interesting finding of the ['251]-cy-Butx-binding inhibition experiments was that all blocking mAbs inhibited
[1251]-ol-Butx binding to the solubilized neuronal protein more potently than to membrane fractions. In particular, mAbs OAR la, lib, and 14a blocked toxin binding to only detergent extracts, but not to membranes.
This finding suggests that the antigenic region(s) recognized by these latter antibodies is (are) inaccessible in the protein's native membrane environment. Thus, this region(s) most likely is (are) close to the transmembrane portion of the protein and somehow different from the binding domain(s) of mAbs OAR 4b, 5a, 7a, 8a, 9b, lOa, 12a, and 13a. Furthermore, the immunoprecipitation experiments in the presence of hexamethonium suggest that the binding region of mAb OAR 7a (and probably 8a; see "Results") is not identical to that of mAbs OAR 4b, 5a, 9b, lOa, 12a, and 13a. Together with the group of the nonblocking mAbs OAR 2a, 3a, and 6a, we conclude that our mAbs discriminate at least four different antigenic regions on the ol-Butx-binding protein of chick optic lobe (Fig. 8) .
A puzzling finding from our experiments was that all the blocking mAbs produced were detected in an antibody-screening assay which used [12"I]-a-Butx-labeled detergent extracts as antigen. One possible explanation is that a-Butx and mAb binding are not mutually exclusive. For sterical reasons, binding of the large IgG molecule could inhibit the binding of a-Butx (M* = 8,000) more efficiently than vice versa. The fact that even very high concentrations of ol-Butx only partially prevented the immunoprecipitation of the M, = 57,000 polypeptide lends some support to this hypothesis. Alternatively, the 01-Vol. 4, No. 8, Aug. 1984 Butx-and/or mAb-binding sites may be represented more than once on the native protein. At present, we cannot distinguish between these possibilities.
However, the latter interpretation is consistent with recent investigations which have suggested that the neuronal a-Butx-binding protein may be a homopolymer of one type of subunit (Seto et al., 1981; Norman et al., 1982) . injection of Torpedo ACh receptor (Patrick et al., 1973) . Taken together, these results further strengthen the view that the neuronal a-Butx-binding site is considerably different from the muscle or fish ACh receptor.
Using the antibody-binding assay procedures developed for the screening of the hybridoma supernatants, mAbs OAR la, 4b, and Ilb were found to cross-react strongly with the a-Butxbinding protein of the rat pheochromocytoma cell line PCI2. Therefore, these mAbs may be useful to study the a-Butxbinding protein of the rat nervous system. None of our mAbs cross-reacted to a significant extent with the cu-Butx-binding site of goldfish optic lobe or with nicotinic ACh receptor of chick skeletal muscle and of Torpedo electric organ. Also, in our hands none of 22 mAbs specific for different immunogenic regions and/or subunits of the Torpedo ACh receptor (kindly provided by S. Tzartos and J. Lindstrom;
see Tzartos et al., 1981) was able to precipitate the a-Butx-binding protein from detergent extracts of chick optic lobe (H. Betz, unpublished experiments) .
Similarly, the distribution in chick brain of binding sites for these mAbs against the fish ACh receptor has recently been shown to differ from that of ['251]-o(-Butx binding (Swanson et al., 1983 Wang et al., 1978) . Thus, low affinity competing antibodies may be difficult to detect. Presently, our data cannot exclude low levels of cross-reactivity of the mAbs OAR with the peripheral ACh receptor. A more cautious interpretation of our results also appears to be justified from the following findings. (i) A few polyclonal antisera against Torpedo or skeletal muscle ACh receptor have been found to bind the neuronal a-Butx-binding protein from mouse or chick (Block and Billiar, 1979; Betz, 1981; Norman et al., 1982) . (ii) Preliminary experiments employing a highly sensitive enzyme-linked immunosorbent assay developed for the ACh receptor (Watters and Maelicke, 1983) demonstrate that most of the blocking mAbs OAR against the chick neuronal a-Butx-binding protein described in this study can, albeit weakly, bind to affinity-purified Torpedo ACh receptor (G. Fels, personal communication).
These results suggest that, despite their biochemical and immunological differences, the peripheral ACh receptor and the ol-Butx-binding protein of the nervous system have at least some antigenic similarity within their (presumptive) ligand-binding regions. 
